The aims of this study were to determine improved kinetic parameters in five kinetic models for oxidation of n-butane into maleic anhydride in an industrial fixed-bed reactor, and to simulate the reactor performance. On the basis of the measured process parameters, inlet and outlet concentrations of n-butane were calculated and then used to fit the kinetic models. The industrial fixed-bed reactor was approximated by 10 continuous stirred tank reactors (CSTR) connected in series. Based on the calculated outlet concentration of n-butane from the industrial reactor, the outlet concentration of n-butane from the penultimate reactor was calculated. Then the concentrations of n-butane were calculated until the inlet concentration of nbutane in the first reactor was obtained. Kinetic parameters were determined by comparing the inlet concentrations of nbutane in the first reactor with the inlet concentration of nbutane obtained on the basis of the measured process parameters in the industrial fixed-bed reactor. Kinetic models with improved kinetic parameters showed better simulation results compared to kinetic models with the existing kinetic parameters. The best agreement of simulation results and measured values was achieved with application of the kinetic model 2 (Equations (2a-c) ). The smallest deviations of numerical simulation in comparison with measured values of the outlet pressure of reaction mixture were 0.45, 0.75 and 0.75% for application of the kinetic model 3 (Equations (3a-c) ). The percentage deviations of numerical simulation with improved kinetic parameters and the existing kinetic parameters in comparison with measured values of inside reactor temperature were in the range 0.90-5.36% and in the range 4.17-9.78% (kinetic model 2, Equations (2a-c)), respectively.
INTRODUCTION
Maleic anhydride (MA) is an important intermediate in the chemical industry. It is produced by selective catalytic oxidation of n-butane with air over vanadium phosphorus oxide (VPO) catalyst. More than 50% of maleic anhydride global production is used to produce unsaturated polyester resins, which are used in a lot of applications such as boat hulls, bathroom fixtures, car parts, furniture, tanks and pipes. MA is also used to produce copolymers (such as maleic anhydride-styrene, maleic anhydride acrylic acid), paints, lubricants, pesticides, and other organic compounds (Caldarelli, 2012) . The selective oxidation of n-butane to maleic anhydride is a complex reaction from the mechanistic and modeling point of view. Besides the main reaction of selective formation of maleic anhydride from nbutane, two other side reactions, namely the complete oxidation of n-butane and of maleic anhydride to oxides of carbon, take place simultaneously (Bey and Rao, 1991) . The ability of a mathematical model to simulate the reactor behavior is highly dependent on kinetics (Petric and Husanović, 2015) . Morais et al. (2007) presented a robust procedure to estimate the parameters set of the kinetic model, as the activation energy and the pre-exponential factor, used in the calculation of the constant of Arrhenius for the partial oxidation of benzene to maleic anhydride. This estimate is carried through Genetic Algorithms (GAs) with the purpose to minimize an objective function that considers the error between real values operation supplied by literature, industrial units or laboratory scale reactors and the simulated theoretical values from the used model. Rodionova and Pomerantsev (2005) estimated the parameters of the Arrhenius Equation and suggested simple expedients for model modification that reduce multicollinearity, thus allowing the parameters to be determined. Romano et al. (2016) obtained the pre-exponential factor and activation energy for a turbulent catalytic bed reactor. Petric and Karić (2016) developed a mathematical model for numerical simulation of partial oxidation of n-butane to maleic anhydride in a fixed-bed reactor, and then they validated the model with real process data from the industrial reactor located in the Global Ispat Coke Industry Lukavac. The aims of this study are to determine improved kinetic parameters in five kinetic models for oxidation of n-butane into maleic anhydride in industrial fixed-bed reactor, and to simulate the reactor performance.
MATERIAL AND METHODS

2.1.
Process parameters and industrial reactor In this study, process data from the industrial fixedbed reactor (located in the Global Ispat Coke Industry Lukavac) was used. Maleic anhydride is produced with an annual output of 10,000 tons. The synthesis is carried out in a fixed-bed reactor consisted of 11,600 tubes in a parallel arrangement with length (height) of 3.7 m, outside diameter of 25 mm and wall thickness of 2 mm. The reactor tubes are filled up to height of 3.25 m with total mass of 11.2 tons of catalyst based on vanadiumphosphorus oxide. The measured inlet process parameters are temperature, pressure and flow rates of reactants. The measured process parameter within the reactor is temperature. The measured outlet process parameters are temperature and pressure.
2.2.
Kinetic models The investigated kinetic models (model 1, Equations (1a-c), Buchanan and Sundaresan (1986) , model 2, Equations (2a-c), Buchanan and Sundaresan (1986) ; model 3, Equations (3a-c), Marin et al. (2010) ; model 4, Equations (4a-c), Lorences et al. (2003) ; model 5, Equations (5a-c), Centi et al. (1985) ) are given by the following equations:
where: r1', r2', r3' -reaction rates (kmol/(kgcat ·s)), R -gas constant (= 8.314 J/(mol·K)), Ttemperature of reaction mixture in a reactor (K), CA, CB, CC -concentrations of n-butane, oxygen, and maleic anhydride (kmol/m 3 ), pA, pB, pC -partial pressures of n-butane, oxygen, and maleic anhydride (atm), Ea -activation energy (kJ/kmol), k0 -pre-exponential factor (various units), K1 -inhibition factor (-), K2 -inhibition factor (-), k1 -rate constant in the equations (5a) (mol•L/(gcat •h)), (-) . The industrial fixed-bed reactor is approximated by 10 continuous stirred tank reactors (CSTR) connected in series. Based on the calculated outlet concentration of n-butane from industrial reactor, the outlet concentration of nbutane from the penultimate reactor is calculated. Equation (6) is used to calculate the outlet concentration from each reactor:
where: Q -volumetric rate (m 3 /s), j -number of CSTR (-), -rAj -rate of disappearance of A in in j-CSTR (kmol/(m 3 cat ·s)), Vj -volume of CSTR (m 3 ). In the first step, the industrial fixed-bed reactor is divided into 10 CSTRs. The outlet concentration of n-butane of the 9-th CSTR is calculated from equation (7):
where: CA,9 -outlet concentration of n-butane from 9-th CSTR (kmol/m 3 ), CA,10 -outlet concentration from reactor (kmol/m 3 ), -rA9 -rate of disappearance of A in 9-th CSTR (kmol/(m 3 cat ·s)). After that, the concentrations of n-butane of all the remaining CSTRs are calculated. SOLVER routine in the software program Microsoft Excel is used to fit kinetic models and estimate the kinetic parameters by comparing the inlet concentrations of n-butane at the first reactor with the inlet concentration of nbutane obtained on the basis of the measured process parameters in the industrial fixed-bed reactor. The inlet concentration of n-butane to 1-st CSTR is compared with inlet concentration of n-butane calculated from the following equation:
where: CA0 -inlet concentration of n-butane in industrial fixed-bed reactor (kmol/m 3 ), yA0 -inlet molar fraction of n-butane in industrial fixed-bed reactor (-), P0 -inlet pressure of reaction mixture (Pa), T0 -inlet temperature of reaction mixture (K). The outlet concentration of n-butane from industrial fixed-bed reactor is given by the equation:
where: CT0 -total inlet concentration of reaction mixture (kmol/m 3 ), FT -total molar flow of reaction mixture (kmol/h), FA -molar flow of n-butane (kmol/h), T -temperature of reaction mixture in reactor (K), P -pressure of reaction mixture (Pa). The mechanism of reaction set I has the following main reaction (Equation (10)) and side reactions (Equations (11) and (12)):
The mechanism of reaction set II has the following main reaction (Equation (13)) and side reactions (Equations (14) and (15)): The equations (10-12) are used in the case of application of the kinetic model (Equations (3a-c)). The equations (13-15) are used in the case of application of the kinetics models (Equations (1a-c), (2a-c), (4a-c) and (5a-c)).
2.3.
Reactor model Equations for reactor model (molar balances of components, energy balance, pressure drop), other necessary equations (heats of reactions, specific heat capacities, concentrations of components, density of catalyst bed, density of catalyst particle, cross section of reactor tube, effective diameter of particle, superficial mass velocity, viscosity of gas mixture, viscosity of each components in the gas mixture, density of reaction mixture at reactor inlet, molar mass of mixture) and input data (inlet temperature of reaction mixture, molar flow rates of reactants, temperature of cooling fluid, volume of reactor, mass of catalyst, overall heat transfer coefficient, etc.) for the mathematical model were taken from Petric and Karić (2019) . Numerical software package Polymath with Runge-KuttaFehlberg method was used for a numerical solution of set of differential equations.
RESULTS AND DISCUSSION
Existing and improved kinetic parameters in the kinetic models 1-5 (Equation (1a-1c), (2a-2c), (3a-3c), (4a-4c) (5a-5c)) are presented in Table 1 and  Table 2 . Kinetic models 1 and 2 (Equations (1a-c) and (2a-c)) showed slight deviations for kinetic parameters K1 and K2 in comparison with the results of Buchanan and Sundaresan (1986) . Buchanan and Sundaresan (1986) used data obtained from a reactor whose dimensions significantly differ from those of the fixed-bed reactor located in the Global Ispat Coke Industry Lukavac, which may be one of the reasons for poor agreement of some kinetic parameters. However, the values of k0 and Ea deviate significantly in comparison with the values in the study of Buchanan and Sundaresan (1986 Romano et al. (2016) and Varma and Saraf (1978) . Shekari and Patience (2013) estimated the values of activation energies at 100 and 410 kPa. At 100 kPa the values of activation energies were 199,200 kJ/kmol for the first reaction, 135,600 kJ/kmol for the second reaction and 154,400 kJ/kmol for the third reaction, while at the 410 kPa the values of activation energies were 240,600 kJ/kmol for the first reaction, 149,000 kJ/kmol for the second reaction and 157,300 kJ/kmol for the third reaction. In this study, the values obtained for the activation energies deviate from the results in the study of Shekari and Patience (2013) . Kinetic model 5 (Equations (5a-c)) showed good agreement for improved kinetic parameters KB, α, β, γ and δ in comparison with existing kinetic parameters, due to use of the similar type of reactor and the same type of catalyst. Centi et al. (1985) used a fixed-bed reactor based on a vanadium-phosphorus. On the other side, the kinetic model 5 (Equations (5a-c)) showed poor agreement for the improved kinetic parameters k1, k2 and k3 in comparison with the existing kinetic parameters. Table 3 shows comparisons of simulation results with the existing kinetic parameters (Petric and Karić, 2016 ) and the improved kinetic parameters (present study) from the measured values of outlet process parameters. The measured outlet process parameters are the outlet temperature and pressure of the reaction mixture. (3a-c) . Table 5 shows comparisons of simulation results with the existing kinetic parameters (Petric and Karić, 2016 ) and the improved kinetic parameters (present study) from the measured values of temperatures of the reaction mixture along the reactor length. The best agreement of simulation results for temperatures of the reaction mixture along the reactor length was achieved with the kinetic model 2 (Equations (2a-c) ). Kinetic models with improved kinetic parameters 1-4 (Equations (1a-c), (2a-c), (3a-c) and (4a-c) showed better agreement with the measured values, while the kinetic model 5 (Equation (5a-c) ) showed poorer agreement with the measured values compared to the kinetic models from the study of Petric and Karić (2016) . Table 6 shows the percentage deviation of simulation results with the existing kinetic parameters (Petric and Karić, 2016 ) and the improved kinetic parameters from the measured values of temperatures of the reaction mixture along the reactor length. The percentage deviations of numerical simulation with improved kinetic parameters and existing kinetic parameters in comparison with measured values of inside reactor temperature were in the range 0.90-5.36% and in the range 4.17-9.78% (kinetic model 2, Equations  (2a-c) ), respectively.
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Petric and Karić (2016) Present study Based on the comparison of the simulated and measured values for the temperatures of the reaction mixture along the reactor length, it can be concluded that the improved kinetic parameters in four kinetic models can be used to adequately simulate temperature profile in an industrial fixedbed reactor. Only the kinetic model 5 (Equations (5a-5c)) with improved kinetic parameters showed poor agreement between simulated and measured values for the temperatures of the reaction mixture along the reactor length. This finding can be explained by the fact that the temperature dependence is not included in kinetic model 5 (Equations (5a-5c)).
CONCLUSIONS
Kinetic models with improved kinetic parameters showed better simulation results compared to kinetic models with the existing kinetic parameters. Parameters used for comparison were temperature inside the reactor, outlet temperature and outlet pressure. The best agreement of simulation results and measured values was achieved with application of the kinetic model 2 (Equations (2a-c) ). Future work should be directed to the development of a rigorous model by introducing mass and heat transfer in a two-dimensional reactor model and other phenomena, as well as to the simultaneous optimization of the inlet process parameters for an industrial fixed-bed reactor.
